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Nighttime chemical evolution of aerosol and trace gases in a power
plant plume: Implications for secondary organic nitrate and
organosulfate aerosol formation, NO3 radical chemistry,
and N2O5 heterogeneous hydrolysis
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[1] Nighttime chemical evolution of aerosol and trace gases in a coal‐fired power plant
plume was monitored with the Department of Energy Grumman Gulfstream‐1 aircraft
during the 2002 New England Air Quality Study field campaign. Quasi‐Lagrangian
sampling in the plume at increasing downwind distances and processing times was guided
by a constant‐volume balloon that was released near the power plant at sunset. While
no evidence of fly ash particles was found, concentrations of particulate organics, sulfate,
and nitrate were higher in the plume than in the background air. The enhanced sulfate
concentrations were attributed to direct emissions of gaseous H2SO4, some of which had
formed new particles as evidenced by enhanced concentrations of nucleation‐mode
particles in the plume. The aerosol species were internally mixed and the particles were
acidic, suggesting that particulate nitrate was in the form of organic nitrate. The enhanced
particulate organic and nitrate masses in the plume were inferred as secondary organic
aerosol, which was possibly formed from NO3 radical‐initiated oxidation of isoprene and
other trace organic gases in the presence of acidic sulfate particles. Microspectroscopic
analysis of particle samples suggested that some sulfate was in the form of organosulfates.
Microspectroscopy also revealed the presence of sp2 hybridized C = C bonds, which
decreased with increasing processing time in the plume, possibly because of heterogeneous
chemistry on particulate organics. Constrained plume modeling analysis of the aircraft
and tetroon observations showed that heterogeneous hydrolysis of N2O5 was negligibly
slow. These results have significant implications for several issues related to the impacts
of power plant emissions on air quality and climate.

Citation: Zaveri, R. A., et al. (2010), Nighttime chemical evolution of aerosol and trace gases in a power plant plume:
Implications for secondary organic nitrate and organosulfate aerosol formation, NO3 radical chemistry, and N2O5 heterogeneous
hydrolysis, J. Geophys. Res., 115, D12304, doi:10.1029/2009JD013250.

1. Introduction

[2] Fossil‐fuel‐fired power plants in the United States
contributed 18% and 66% of the national nitrogen oxides
(NOx = NO + NO2) and sulfur dioxide (SO2) emissions,
respectively, in 2008 (http://www.epa.gov/ttn/chief/trends).
The fate of these two pollutants are of major concern for a
number of environmental issues, including air quality
[Unger et al., 2006], visibility degradation [Malm et al.,
1994], acid deposition [Norris et al., 1999], and aerosol
radiative forcing [Forster et al., 2007]. While power plants
themselves are not a significant source of volatile organic
compounds (VOCs), the regions surrounding them, such as
in the eastern United States, are often rich sources of bio-
genic VOCs (e.g., isoprene, monoterpenes, etc.) from nat-
ural vegetation. During the daytime, the power plant
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emissions tend to disperse throughout the turbulent bound-
ary layer and readily mix with the freshly emitted biogenic
VOCs. In the presence of sunlight and VOCs, NOx catalyzes
photochemical ozone (O3) formation [Gillani et al., 1998;
Ryerson et al., 2001; Frost et al., 2006, and references
therein]. NOx photochemistry also influences secondary
organic aerosol (SOA) formation from biogenic VOCs both
directly via the SOA yield and indirectly via the effect of
NOx on oxidant abundance [Kroll et al., 2005, 2006; Ng et
al., 2007]. Moreover, oxidation of SO2 and NO2 with the
photochemically produced OH radicals forms sulfuric acid
(H2SO4) and nitric acid (HNO3), respectively, both of which
can condense onto preexisting particles [Meagher et al.,
1978; McMurry et al., 1981; Hobbs and Hegg, 1982;
Hegg et al., 1985; Brock et al., 2002]. In addition, H2SO4

molecules can also nucleate to form new particles [Whitby et
al., 1978; Wilson and McMurry, 1981].
[3] Hot power plant emissions released at night typically

rise above the stable surface layer and tend to remain highly
concentrated in the vertically stratified residual layer [Smith
et al., 1978; Brown et al., 2007]. Significant chemical pro-
cessing can also occur in such nocturnal power plant plumes
for several hours before they are diluted due to turbulent
mixing the following morning. For instance, the emitted NO
rapidly reacts with O3 to form NO2, which gradually reacts
further with O3 to form the nitrate radical (NO3). Subse-
quent reactions of NO3 have the potential to cause further
irreversible destruction of O3 during the course of a night.
Depending on the ambient temperature, NO3 reacts rapidly
and reversibly with NO2 to form dinitrogen pentoxide
(N2O5), which can undergo heterogeneous hydrolysis on
aerosol particles to form HNO3 [Brown et al., 2003, 2004].
NO3 can also react with biogenic VOCs and their oxidation
products that remain in the nocturnal residual layer from the
preceding afternoon and possibly form SOA consisting of
low‐volatility organic nitrates [Barnes et al., 1990; Shepson
et al., 1996; Starn et al., 1998; Ng et al., 2008; Fry et al.,
2009; Rollins et al., 2009]. In maritime atmospheres, the
NO3 reaction with dimethyl sulfide (DMS) to form HNO3

becomes important as well [Stark et al., 2007].
[4] In the absence of appreciable levels of OH radicals,

SO2 undergoes little change at night. However, trace
amounts of gaseous SO3/H2SO4 (<1% of SO2 emissions)
may concomitantly be emitted from power plants [Mueller
and Imhoff, 1994; Srivastava et al., 2004; Cichanowicz,
2007]. Upon cooling, these gases can potentially nucleate
to form new particles in the nighttime plume. Reactive
uptake of biogenic VOCs and their photo‐oxidation pro-
ducts on such acidic sulfate particles are known to form
organosulfate SOA [Liggio and Li, 2006; Liggio et al.,
2007; Paulot et al., 2009] or nitroxy organosulfate SOA
in the presence of NO3 radicals [Surratt et al., 2008].
[5] The overall rate and efficiency with which NOx is

converted to HNO3 and organic nitrates at night is of great
interest, because at dawn the residual NO3 and N2O5 can
photolyze or dissociate back to NOx and subsequently pro-
duce O3 in the presence of VOCs [Dentener and Crutzen,
1993]. At the same time, SOA formation via reactions
between power plant emissions and biogenic VOCs at night
is of relevance to air quality, regional haze, and climate
issues. Nighttime SOA formation may also affect the N2O5

heterogeneous hydrolysis uptake coefficient g(N2O5), which

ranges between <0.001 and 0.1 depending on the particle
composition, acidity, phase state, and relative humidity and
water content [Mozurkewich and Calvert, 1988; Hu and
Abbatt, 1997; Wahner et al., 1998; Kane et al., 2001;
Folkers et al., 2003; Hallquist et al., 2003; Thornton et al.,
2003; Thornton and Abbatt, 2005; Brown et al., 2006b,
2009; Bertram and Thornton, 2009].
[6] Very few airborne studies have focused on the night-

time transport and transformation of power plant plumes
relative to similar studies carried out during the daytime. It is
not only difficult to carry out nighttime aircraft missions but
also very challenging to locate vertically stratified nocturnal
power plant plumes at increasing downwind distances and,
hence, to make measurements describing the chemical evo-
lution in such plumes as a function of increasing processing
time. As a result, relatively little is known about the chemical
processing of aerosol and trace gases in nocturnal power
plant plumes.
[7] We report here on the nighttime observations of

aerosol and trace gases in the Salem Harbor power plant
plume made from the Department of Energy (DOE) Grum-
man Gulfstream‐1 aircraft (G‐1). These observations were
made during the DOE Nighttime Aerosol‐Oxidant Plume
Experiment (NAOPEX), which was carried out as part of the
summer 2002 New England Air Quality Study (NEAQS)
field campaign. A quasi‐Lagrangian aircraft sampling strat-
egy, guided by superpressure constant‐volume tetroons
(tetrahedral balloons), was employed to monitor the chemi-
cal evolution of NO, NO2, SO2, O3, and aerosol in the power
plant plume. The paper is organized as follows. Section 2
describes the field experiment and methods pertaining to
the G‐1 aircraft instrumentation, the tetroon system, the
quasi‐Lagrangian aircraft sampling strategy, and the flight
plans for the 30–31 July episode. In section 3, we first
identify four distinct power plant plume segments and cal-
culate their processing times since emission. We then present
an analysis of the evolution of the NOx/NOy ratio with
processing time and conservation of the total odd oxygen
atoms in the plume. Section 3 also presents an analysis of
aerosol number size distribution and composition data to
reveal evidence for new particle formation and SOA for-
mation in the plume and the presence of organic nitrates,
organosulfates, and sp2 hybridized C = C double bonds in
these particles. In section 4, we present results from a con-
strained plume modeling (CPM) analysis of the aircraft and
tetroon observations to gain further insight into the chemical
processing of trace gases and estimate the N2O5 uptake
coefficient.

2. Field Experiment and Methods

[8] The DOE G‐1 aircraft conducted 17 research flights
between 10 July and 11 August during the 2002 NEAQS
field campaign. The daytime flights were devoted to a
regional survey of aerosol precursors, composition, and
microphysical properties in the southern New England and
the mid‐Atlantic states [Kleinman et al., 2007]. The night-
time flights during NAOPEX were designed to follow the
evolution of aerosols and trace gases from the Boston urban
area and the nearby Salem Harbor power plant. In this study,
we focus on the observations made in the power plant plume
on 30–31 July 2002.
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2.1. G‐1 Aircraft Instrumentation

[9] The measurement suite on board the G‐1 aircraft
included O3, SO2, NO, NO2, NOy, volatile organic com-
pounds (canister samples), aerosol size distribution, and
optical properties. Aerosol chemical composition was mea-
sured with the Aerodyne Quadrupole Aerosol Mass Spec-
trometer (Q‐AMS) [Jayne et al., 2000]. Additionally,
sampling of aerosol particles for microscopy and spectro-
microscopic analyses was carried out using a time‐resolved
aerosol collector (TRAC) [Laskin et al., 2003, 2006]. The
standard meteorological package on the G‐1 provided the
ambient temperature, pressure, relative humidity, dew point,
and wind‐vector measurements. The details of the various
instruments and detection techniques are described by
Kleinman et al. [2007, and references therein].

2.2. Tetroon System: Lagrangian Plume Tracer

[10] A superpressure (pressure greater than the ambient
atmospheric pressure) constant‐volume tetroon (tetrahedral
balloon) filled with an admixture of helium and air will float
at an altitude at which it attains equilibrium with the sur-
rounding air [Angell, 1961]. Superpressure tetroons and
balloons capable of adjusting buoyancy through the action
of an onboard pump and valves have been used extensively
in the study of low‐altitude atmospheric currents, turbu-
lence, and vertical motions [Hoecker, 1975; Angell et al.,
1976; Zak, 1981] and in major Lagrangian field programs
to track air pollution plumes and guide repeated aircraft
sampling in the “tagged” air parcels [Businger et al., 1996,
1999; Huebert et al., 1996; Johnson et al., 2000a, 2000b;
Fehsenfeld et al., 2006; Mao et al., 2006; Riddle et al.,
2006].
[11] Superpressure tetroons (volume ∼5 m3) were used

during NAOPEX as Lagrangian tracers of urban and power
plant plumes under stable conditions at night. The instru-
ment payload included a GPS transceiver and a Vaisala
radiosonde to continuously measure the ambient tempera-
ture, pressure, and relative humidity in the tagged air parcel.

The electrochemical concentration cell (ECC) ozonesonde
[Komhyr, 1969; Komhyr et al., 1995] with an extended
operation time of up to 12 h was added to the tetroon
payload to provide a Lagrangian time trace of O3 in the
tagged air parcel. The complete tetroon system assembly is
shown in Figure 1. The transmitted data stream consisting of
time, latitude, longitude, altitude, temperature, pressure,
relative humidity, and O3 mixing ratio was received both on
the ground and on board the G‐1 aircraft every 10 s via line‐
of‐sight telemetry.

2.3. Quasi‐Lagrangian Sampling Strategy

[12] A Lagrangian aircraft sampling strategy can facilitate
powerful insights into the chemical processing of trace gases
and aerosols by monitoring their concentrations and com-
position in the pollution plume as it is advected downwind
from the source region [Johnson et al., 2000a]. The super-
pressure tetroon was used as a Lagrangian tracer to “tag” the
Salem Harbor power plant plume soon after sunset and
guide aircraft sampling at increasing downwind distances
through the night. The tetroon’s GPS location received on
board the G‐1 aircraft was fed into a specially designed
flight planning program that was used to guide the flight
tracks in the vicinity of the tetroon. The resulting tetroon‐
based meteorological and O3 measurements were close to
being true Lagrangian (i.e., within the same air parcel). The
repeated aircraft observations made within the plume at
increasing downwind distances are referred to as quasi‐
Lagrangian because they were deliberately not made within
precisely the same air parcel to avoid sampling the G‐1’s
own exhaust from one of the previous transects. The quasi‐
Lagrangian measurements in the power plant plume thus
describe the evolution of the emitted species from a known
starting time.
[13] The Boston coastal area during July 2002 had clear

nighttime skies with offshore synoptic winds in the noc-
turnal residual layer over the decoupled stable marine
boundary layer. Under these conditions, power plant plumes
emitted into the nocturnal residual layer would be in a
thermodynamically stable environment, which would tend
to maintain the plume identity. The overwater trajectories
associated with the offshore winds minimized dry deposi-
tion losses as well as the injection of fresh emissions from
below, thus reducing the complexity of data analysis.
[14] The tetroon launch site was based at Northeastern

University’s Marine Science Center (MSC) facility in Na-
hant, Massachusetts, which is an island‐like coastal site
∼9.5 km northeast of the Boston Logan International Airport
and ∼12 km south of the Salem Harbor power plant. The G‐1
aircraft operation was based in Worcester, Massachusetts.

2.4. Episode During 30–31 July

[15] On the evening of 30 July 2002, the weather forecast
called for clear skies and the HYSPLIT model [Draxler and
Rolph, 2003] predicted offshore trajectories to the southeast
in the nocturnal residual layer for air parcels starting over
Nahant at sunset (1907 EST). It was under these favorable
conditions that a tetroon was launched at 1950 EST, with the
buoyancy preadjusted so that it would attain an altitude of
600–700 m above mean sea level (asl) or approximately in
the center of the nocturnal residual layer, as characterized by
radiosondes. This strategy does not guarantee that the bal-

Figure 1. Superpressure tetroon system and payload
assembly used in the 2002 NAOPEX field study. The total
weight of the payload train was ∼2.5 kg.
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loon will track the power plant plume, because the power
plant plume rise is not known at the time of the balloon
launch. Also, nighttime wind shear and low‐level jet for-
mation may cause difficulty in locating the plume. Never-
theless, placing the tetroon at roughly the center of the
nocturnal residual layer is a reasonable strategy for
increasing the likelihood of tagging the plume. Two back‐
to‐back G‐1 flights were guided by the tetroon trajectory to
find and intercept the Salem Harbor power plant plume at
increasing downwind distances. The first G‐1 flight took
place between 2040 and 2320 EST on 30 July. The second
G‐1 flight began at 0055 EST on 31 July and lasted until
0255 EST. The time difference between UTC and EST is
5 h (i.e., EST = UTC – 5 h).
[16] The tetroon trajectory and the G‐1 aircraft flight

tracks are illustrated in Figure 2. Figure 2 (top) shows the
tetroon trajectory and the two G‐1 flight paths while Figure 2
(bottom) displays the corresponding information in a plot
of altitude versus time. The numbered yellow squares along
the G‐1 flight paths indicate the locations where VOC
canister samples were acquired. The numbered pink hexa-
gons indicate the locations of the TRAC particle samples
selected for microscopy and microspectroscopy studies.
Other features shown in these plots are described later in the
text. Figure 3 illustrates the time evolution of the vertical
profiles of potential temperature, wind speed, and wind
direction in the nocturnal residual layer as measured by the
G‐1 and the tetroon during its ascent and descent. The
potential temperature profiles indicate the presence of a
stable surface layer below 200 m asl. The residual layer was
neutrally buoyant up to 2240 EST and became relatively
stable by the end of the mission at 0200 EST (31 July).
Similarly, the wind speeds were fairly uniform as a function
of altitude until 2240 EST, whereas a low‐level nocturnal jet
had developed by 0200 EST. The wind direction gradually
changed from northwesterly to northeasterly through the
course of the evening, but its vertical profiles remained
fairly uniform at any given time. This change in wind
direction is consistent with the curvature in the tetroon tra-
jectory seen in Figure 2.

3. Data Analysis

[17] We first review the tetroon and G‐1 aircraft ob-
servations in this section to characterize the chemical and
physical properties of the power plant plume, and we also
set up key input parameters for the model analysis that
follows in section 4.

3.1. Tetroon Observations

[18] Tetroon‐borne ozonesonde and radiosonde measure-
ments of O3, temperature, pressure, and relative humidity
along the tetroon trajectory as a function of time are shown
in Figure 4. The mean tetroon altitude was ∼670 m asl with
oscillations of ±50 m that gradually decreased during the
first 3 h. The temperature at this altitude decreased from
297 to 295 K over a period of 6 h, possibly because of
radiative cooling of air under clear skies at night, with a
corresponding increase in relative humidity from 46% to 54%.
[19] On the basis of the evolution of these meteorological

variables, it appears that the tetroon was advected in the
same air parcel for 6 h. Therefore, continuous measurement

of O3 in this air parcel represents a near‐ideal Lagrangian
trace. Interestingly, O3 gradually decayed from 48 to
44 ppbv during the first 3 h (1950–2250 EST), followed by
a sudden drop to about 25 ppbv at 2300 EST, and remained
relatively constant thereafter. The initial gradual loss in O3,
which is discussed in detail in section 4, could be attributed
to the O3 + NO2 reaction. The sudden drop of ∼20 ppbv at
2300 EST could be due to a malfunction in the ozone sensor
or due to the tetroon drifting into a markedly different plume
layer. The latter seems less likely because the altitude
fluctuations were minimal and no sudden changes were
observed in relative humidity (RH) when the O3 mixing
ratio rapidly decreased.

3.2. Quasi‐Lagrangian Power Plant Plume Segments
and Processing Times

[20] On the evening of 30 July 2002, three out of four
units were operational at the Salem Harbor power plant
facility. One unit utilized only residual oil while both coal
(primary) and residual oil (secondary) were used to fire the
other two units. Selective noncatalytic reduction low‐NOx

burner technology was used to control the NOx emissions,
and electrostatic precipitators were used to control the par-
ticulate matter emissions while no emission control was
used for SO2 (Clean Air Markets, Data and Maps, EPA,
http://camddataandmaps.epa.gov/gdm).
[21] Repeated aircraft vertical profiles and horizontal

transects near the tetroon revealed the presence of the Salem
Harbor power plant emissions at multiple altitudes in the
nocturnal residual layer. The colored triangles shown in
Figure 2 along the tetroon trajectory indicate the mean te-
troon positions that correspond in time to the four colored
segments on the G‐1 flight paths. These four segments mark
the locations of the Salem power plant plume as identified
by the measured excesses of SO2 and NOy mixing ratios
over the nearby background values at low and high altitudes
of ∼325 and ∼970 m asl, respectively. The fact that these
four plume segments were indeed of Salem power plant
origin can be ascertained from the slopes of SO2 versus NOy

correlations (Figure 5), which are similar to each other and
in very good agreement with the overall SO2/NOx emission
ratio of ∼2 mol/mol for this power plant, reported specifi-
cally for the evening of 30 July 2002 (Clean Air Markets,
Data and Maps, EPA, http://camddataandmaps.epa.gov/
gdm). The water vapor mixing ratio was uniformly distrib-
uted in each plume segment and the RH was fairly steady
between 60% and 70%.
[22] Because all four plume segments were in the noc-

turnal residual layer that was effectively decoupled from the
stable marine boundary layer, we assume that they experi-
enced negligible dry deposition losses. The light blue (low‐
altitude, “A‐low”) and dark blue (high‐altitude, “A‐high”)
segments were measured during the first G‐1 flight and
represent relatively less aged emissions. The orange (low‐
altitude, “B‐low”) and red (high‐altitude, “B‐high”) seg-
ments were measured farther downwind during the second
G‐1 flight and are therefore relatively more aged. These four
plume segments were restricted to two distinct altitudes,
with the mean tetroon altitude located roughly in the center.
This provided consistency in comparing the fresh and aged
plume segments at the same altitudes.
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[23] In combination, Figures 2 and 3 provide a three‐
dimensional picture as a function of time and space of the
power plant plume segments (as sampled by the G‐1 air-
craft) relative to the tetroon positions and the evolution of

the residual boundary layer. The relative spatial proximities
between the tetroon and the power plant plume segments
and the observed vertical wind velocity profiles near the
tetroon were used to estimate the postemission processing

Figure 2. (Top) The tetroon trajectory (dotted green line) and the two G‐1 aircraft flight paths (gray and
black lines) for the 30–31 July episode. (Bottom) G‐1 aircraft and tetroon flight altitudes plotted as a func-
tion of time. Colored triangles indicate the positions of the tetroon when the G‐1 intercepted segments of
the Salem Harbor power plant plume (marked with circles of corresponding colors) at increasing proces-
sing times (Dt) since emission. Yellow squares and pink hexagons indicate the locations where VOC can-
isters and TRAC particle samples, respectively, were collected and analyzed.
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times for the four plume segments. In these calculations, the
nocturnal jet was assumed to grow linearly in time between
2240 and 0200 EST. The resulting mean processing times
(Dt) for the four plume segments were obtained as follows:
A‐high = 2.6 ± 0.1 h, A‐low = 3.2 ± 0.2 h, B‐low = 6.2 ±
0.2 h, and B‐high = 7.2 ± 0.2 h, which are also indicated in
Figure 2.

3.3. NOx/NOy Ratio and Odd Oxygen Budget

[24] Figure 6 shows the NOx versus NOy correlation for
each of the four plume segments. The NOx mixing ratio in
the plume is expected to gradually decrease with time
because of continued reaction with the residual O3 and other
reactants to form NO3, N2O5, HNO3, and other reactive
nitrogen species such as nitrous acid (HONO), pernitric acid
(HNO4), organic nitrates (ONIT), and peroxy acyl nitrates
(PAN). In the absence of dry deposition, the total measured
NOy mixing ratio, which includes NOx, NO3, 2N2O5,
HNO3, HONO, HNO4, PAN, and ONIT, is expected to

remain constant. As a result the NOx/NOy ratio (i.e., the
slope of NOx versus NOy correlation) is expected to grad-
ually decrease with increasing processing time. However,
the slope of the observed correlation remained fairly con-
stant for all four plume segments. This unexpected behavior,
as discussed in section 4, is attributed to a measurement
artifact due to partial decomposition of NO2 reservoirs
(N2O5 and NO3) in the chemiluminescence instrument,
which led to between 12% and 74% overestimation of NO2

and thereby fortuitously caused the NOx/NOy ratio to remain
constant with time.
[25] The total odd oxygen budget analysis is useful for

keeping track of rapid chemical cycling that takes place
between O3 and other members of the odd‐oxygen family
[Jacob et al., 1996; Brown et al., 2006a]:

Ox½ � ¼ O3½ � þ NO2½ � þ 2 NO3½ � þ 3 N2O5½ � þ 1:5 HNO3½ �
þ HNO4½ � þ PAN½ � þ ONIT½ � ð1Þ

Figure 3. Vertical profiles of potential temperature, wind speed, and wind direction.

Figure 4. Tetroon‐based O3 and meteorological observations. The sudden drop of ∼20 ppbv at 2300
EST could be due to a malfunction in the ozone sensor or due to the tetroon drifting into a markedly dif-
ferent plume layer. The latter seems less likely because the altitude fluctuations were minimal and no sud-
den changes were observed in RH when the O3 mixing ratio rapidly decreased.
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The first two terms ([O3] + [NO2]) were measured directly.
The remaining terms, which involve reactive nitrogen, can
be estimated from the measured [NOy] by subtracting the
measured [NOx]. This difference, termed [NOz] = [NOy] –
[NO2] – [NO], is then expected to consist of [NO3] +
2[N2O5] + [HNO3] + [HONO] + [HNO4] + [ONIT] + [PAN].
However, if NOz in the power plant plume segments is
dominated by N2O5, HNO3, or both, then the total odd
oxygen budget in the plume with respect to the background
can be approximated as

Ox½ � ¼ O3½ � þD NO2½ � þ 1:5D NOz½ �; ð2Þ

where D denotes the difference between the mixing ratio in
the plume and in the nearby background air. Thus, if the total
odd oxygen is conserved, then according to equation (2) the
Ox mixing ratios in the plume should be equal to the O3

mixing ratio in the background air.
[26] Figure 7 shows plots of O3 versus NOy and Ox versus

NOy in the four plume segments. As expected, O3 is an-
ticorrelated with NOy due to titration by NO and subsequent
reaction with NO2. However, the total odd oxygen Ox, as
estimated from equation (2), remains fairly constant with
increasing NOy in all four plume segments. This constancy in
Ox across the plume segments at any given time indicates that
the total odd oxygen atoms were largely conserved in the
plume with respect to the nearby background values. The
estimated overcounting of Ox due to the NO2 measurement
artifact ranged between 0.1 and 2.8 ppbv, which is relatively
small compared to the total Ox budget (50–65 ppbv) and can
be ignored in this analysis. The variation in the mean Ox

values between the different plume segments is attributed to
spatial gradients in O3 concentrations in the background air
into which the power plant emissions were injected. Con-
servation of odd oxygen not only serves as an important
check on the self‐consistency of the O3, NO2, and NOy

measurements but also suggests that the NOz in the plume
segments is mostly composed of N2O5, HNO3, or both. The
results from this exercise are used in section 4 to initialize a

Lagrangian box model for investigating the rate of hetero-
geneous hydrolysis of N2O5.

3.4. Volatile Organic Compounds (VOCs)

[27] An analysis of canister samples yielded observations
of 114 individual VOCs (20 s averages). As shown in
Figure 2, five canister samples were collected during the
first G‐1 flight. While none of the canister sample locations
fall precisely in the selected plume segments, canisters V3,
V4, and V5 contain evidence of the Salem power plant
emissions as the G‐1 intercepted the plume near the A‐low
segment on the return leg. Figure 8 shows correlations of
selected VOCs with NOy mixing ratios from these three
canisters. Coal‐ and residual oil‐fired power plants may emit
a wide variety of VOCs at very small levels due to incom-
plete combustion and from liquid fuel storage and use,
although very little information exists on such emissions in
the literature. Positive correlations could be seen between
power plant NOy and some VOCs such as toluene, acety-
lene, and propane while biogenic isoprene and NOy were
anticorrelated. The isoprene levels in the background air
were about 0.3 ppbv while less than 0.05 ppbv was observed
inside the plume. Other biogenic VOCs such as a‐pinene,
b‐pinene, limonene, camphene, myrcene, etc. were less than
0.005 ppbv or below the detection limit in the canister
samples, both within and outside the power plant plume.
Lower concentrations of isoprene in the plume are attrib-
uted to its rapid reaction with the elevated levels of NO3.
This phenomenon is investigated further with model cal-
culations in section 4. It is also possible that modest
amounts of urban emissions of NOy and VOCs were mixed
together with power plant emissions since the Salem Harbor
power plant is situated in the Salem urban area. However,
based on the correlations of SO2 versus NOy and the slopes
of the regression fits shown in Figure 5 and discussed in
section 3.2, it appears that the excess NOy (above back-
ground levels) was emitted from the power plant. Never-

Figure 5. Correlation between SO2 and NOy in the Salem
Harbor power plant plume segments sampled by the G‐1
aircraft. The color code matches the one used in Figure 2.

Figure 6. Scatterplot of NOx versus NOy in the Salem
power plant plume segments. The NOx/NOy ratio (i.e., the
slope of this correlation) is expected to decrease with time,
increasing processing time at night, but note that the slopes
of the observed correlations seem to remain fairly constant
for processing times ranging from 2.6 to 7.2 h. The color
code matches the one used in Figure 2.
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theless, the presence of small amounts of NOy of urban area
origin possibly mixed with NOx emitted from the power
plant should not affect the analysis and interpretation of the
measurements presented in the rest of this paper.

3.5. Aerosol Concentration and Composition

3.5.1. Number Size Distribution
[28] A condensation particle counter (CPC) provided a

1 min averaged total number concentration of particles
greater than 10 nm in diameter while a 15‐channel passive
cavity aerosol spectrometer probe (PCASP) provided a 1 s
averaged particle number size distribution from 100 to
3000 nm diameter range. One‐minute averaged particle
number size distributions between 5 and 500 nm were also
measured with a twin scanning electrical mobility spec-
trometer (TSEMS) [Buzorius et al., 2004], which consists of
one short differential mobility analyzer (DMA) and one long
DMA operating in parallel.
[29] Figure 9 shows the CPC and total PCASP number

concentrations and SO2 mixing ratio along the four power
plant plume segments. The CPC number concentrations
were an order of magnitude higher than the total PCASP
number concentrations, indicating that the number con-
centrations were dominated by ultrafine particles (<100 nm
diameter). Furthermore, the CPC number concentrations
were correlated with SO2 in all four plume segments while
the total PCASP number concentrations appear to be cor-
related with SO2 only in the A‐high and B‐high plume
segments. The total PCASP number concentrations in the
A‐low and B‐low plume segments were relatively high,
uniform, and uncorrelated with SO2.
[30] Figure 10 shows a comparison of TSEMS size‐dis-

tributed number concentrations observed within the power
plume segment at A‐high and just outside of it in the
background air at the same altitude. The concentration of
particles between 5 and 20 nm diameter (i.e., roughly the
nucleation mode) in the plume were four times higher than
that in the background air. These results clearly indicate that
the Salem Harbor power plant was a significant source of
ultrafine particles, especially the nucleation‐mode particles,
which would have formed by gas‐to‐particle conversion of

SO3/H2SO4 vapors directly emitted from the power plant
[Mueller and Imhoff, 1994; Srivastava et al., 2004;
Cichanowicz, 2007].
3.5.2. Aerosol Mass Spectrometer Composition
[31] The Aerodyne Q‐AMS measured nonrefractory

aerosol components (sulfate, nitrate, chloride, ammonium,
and total organics) for particles with vacuum aerodynamic
diameters between 60 and 600 nm with 100% transmission
efficiency [Jayne et al., 2000]. Figure 11 shows particulate
sulfate and organic mass concentrations plotted against SO2

for the four plume segments. To obtain a high signal‐to‐
noise ratio, the Q‐AMS was operated on a 30 s cycle during
the first G‐1 flight and on a 120 s cycle during the second
flight. As result, only a few data points were obtained within
the power plant plume segments, especially during the
second flight. Nevertheless, a number of interesting features
are revealed in these plots.
[32] First, sulfate was positively correlated with SO2

(except in the B‐low plume segment), with sulfate mass at
the peak of the plumes ranging between 0.5 and 1.5 mg m−3

Figure 8. Correlations of selected canister VOCs with
NOy.

Figure 7. Scatterplots of O3 versus NOy and total odd oxygen Ox versus NOy. As expected for nighttime
emissions of NO, O3 is anticorrelated with NOy. Also note that Ox remains fairly constant with increase in
NOy, implying that the total odd oxygen atoms were largely conserved in the plume segments as expected.
The color code matches the one used in Figure 2.
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in excess of the background value of ∼1.5 mg m−3. These
results are consistent with the total PCASP and CPC versus
SO2 correlations shown earlier, and they support the notion
of new particle formation from SO3/H2SO4 vapors directly
emitted from the power plant. Oxidation of SO2 by OH
radicals to form H2SO4 would be very slow at night and
could not account for the observed sulfate excesses in the
plume. While the direct emissions of SO3/H2SO4 were not
reported in the inventory for the Salem Harbor power plant,
we estimated that they were ∼1% (by mole) of the SO2

emissions, which is within the range of values determined
for several coal‐ and fuel oil–fired boilers [Cichanowicz,
2007].
[33] Second, organic aerosol (OA) mass was two to three

times higher than sulfate mass, and a weak but distinct
correlation was also seen between OA mass and SO2 (except
in the B‐low plume segment). For instance, in both A‐low
and A‐high plume segments, the OA mass at the peak of the
plume was ∼1 mg m−3 higher than the nearby background air

Figure 10. Size‐distributed number concentrations
observed within the power plume segment at A‐high and
just outside of it in the background air at the same altitude.

Figure 9. Total PCASP (0.1–3 mm) and CPC (>0.01 mm) aerosol number concentrations, SO2, and NOy

mixing ratios along the four power plant plume segments.
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value of ∼4 mg m−3. Data on primary OA emission from
coal‐fired power plants is rather scarce in the literature,
although some evidence exists for small amounts of primary
OA emissions from no. 2 distillate fuel oil–fired boilers
[Rogge et al., 1997]. Primary OA particles, if they were
emitted from the Salem Harbor power plant, would likely
have also contained traces of fly ash minerals such as oxides
of Al, Fe, Na, K, Ca, Si, V, etc. [Goldstein and Siegmund,
1976; Damle et al., 1982; Querol et al., 1996]. However,
as discussed in section 3.6.3, X‐ray microanalysis of indi-
vidual particles in several in‐plume and background air
TRAC samples showed no evidence of any fly ash elements
whatsoever. It therefore appears that primary aerosol parti-
cles were efficiently removed by the electrostatic pre-
cipitators at the Salem Harbor power plant.
[34] A more plausible explanation for the observed excess

OA mass in the power plant plume is the formation of SOA
such as low‐volatility organic nitrates from isoprene oxi-
dation with NO3 [Barnes et al., 1990; Shepson et al., 1996;
Starn et al., 1998; Ng et al., 2008]. About 65% conversion
of the observed 0.3 ppbv of isoprene in the background air
to low‐volatility isoprene nitrates can potentially account for
the observed excess OA of 1 mg m−3 in the plume. SOA
consisting of organosulfates could also have been formed by
heterogeneous reactions between acidic sulfate particles and

biogenic VOCs (such as isoprene and monoterpenes) as well
as their photooxidation products (such as pinonaldehyde and
dihydroxyepoxides) that likely remained in the residual
layer from the preceding afternoon [Liggio and Li, 2006;
Liggio et al., 2007; Paulot et al., 2009]. Oxidation of iso-
prene with NO3 radicals in the presence of acidic sulfate
particles could have also led to the formation of nitroxy
organosulfate SOA [Surratt et al., 2008].
[35] If the NO3 radical‐initiated oxidation of isoprene and

other trace organic gases indeed contributed to SOA for-
mation in the plume, then the observed particulate nitrate
would be in the form of organic nitrate. Support for the
presence of organic nitrates comes from the plots of par-
ticulate nitrate versus NOy and particulate nitrate versus
particulate [NH4]/[SO4] molar ratio for the four plume
segments (Figure 12). Particulate nitrate concentrations were
rather small (<0.5 mg m−3) but weakly correlated with NOy.
In the plot of particulate nitrate versus [NH4]/[SO4] molar
ratio, we found that most of the nitrate‐containing aerosol
particles were highly acidic as inferred from the bulk [NH4]/
[SO4] molar ratios of less than 2. Also, there was no sys-
tematic dependence of nitrate concentrations on particle
acidity. The equivalent gas‐phase mixing ratio of the highest
particulate nitrate concentration observed was less than
0.2 ppbv, which constitutes a rather negligible fraction of the

Figure 12. Particulate nitrate versus NOy and particulate nitrate versus [NH4]/[SO4] molar ratio for the
four power plant plume segments.

Figure 11. Particulate sulfate and organic mass concentrations (measured by the Q‐AMS) as a function
of SO2 mixing ratios in the four power plant plume segments.
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total NOy budget. But the fact that the particulate nitrate
was not neutralized by NH4

+, and that its concentration was
insensitive to acidity, suggests that it was in the form of
organic nitrates rather than nitrate ion. It should be noted
that the inferred maximum level of 0.2 ppbv of organic
nitrates is 66% of the 0.3 ppbv isoprene available in the
background air, which is consistent with the mass balance
argument for excess OA presented in the preceding para-
graph. The organic nitrate hypothesis was further scruti-
nized by calculating the equilibrium gas‐phase HNO3

mixing ratio over such acidic particles, assuming that the
observed particulate nitrate was in the form of inorganic
nitrate ion. The online version of the Aerosol Inorganics
Model (AIM II/Comprehensive Calculation, see http://
www.aim.env.uea.ac.uk/aim/aim.php) [Wexler and Clegg,
2002] was used to perform the equilibrium calculation
for a representative plume aerosol sample with [NH4]/
[SO4] molar ratio of unity, containing [SO4

2−] = 0.016 mmol
m−3 (= 1.5 mg m−3), [NH4

+] = 0.016 mmol m−3 (= 0.29 mg
m−3), and [NO3

−] = 0.005 mmol m−3 (= 0.3 mg m−3). The
value of [H+] concentration required as input into the model
was calculated from the electroneutrality condition as [H+] =
2[SO4

2−] + [NO3
−] − [NH4

+] = 0.021 mmol m−3. The input
ambient temperature and relative humidity were 298 K and
65%, respectively. With these constraints, the predicted
equilibrium gas‐phase HNO3 mixing ratio was 3820 ppbv.
This value is unreasonably high since the observed total NOy

mixing ratios were <15 ppbv. Other similar aerosol compo-
sitions also resulted in HNO3 mixing ratios greater than
1000 ppbv. Therefore, it follows that most of the observed
particulate nitrate was likely in the form of organic nitrate
rather than inorganic nitrate ion.
[36] Additional insights into the mixing state of aerosol

particles and the presence of organosulfates and sp2

hybridized C = C bonds in the organic aerosol was obtained
from microspectroscopic analyses of the collected particle
samples, which is discussed next.
3.5.3. Microscopy and Microspectroscopic Analyses
[37] A few of the particle samples collected by TRACwere

selected for microscopy and microspectroscopy studies. The

sampling times and locations are indicated by the numbered
pink hexagons (P0, P1, and P2) in Figure 2. Each TRAC
sample consists of particles collected over a 2 min period.
The P0 sample was taken in the background air while the P1
and P2 samples were taken in the plume segments at A‐low
and B‐low, respectively. Figure 13 shows a typical scanning
electron microscopy (SEM) image of particles collected
within the plume at location P1. Microscopy analysis of
samples from the other two locations (P0 and P2) showed no
major difference in particle images. X‐ray microanalysis of
individual particles indicated the presence of carbon, oxy-
gen, and sulfur, revealing the dominant presence of internally
mixed organic and sulfate particles within the power plant
plume as well as in the background air. However, no evi-
dence was found for any fly‐ash‐type materials within the
plume, suggesting that all primary aerosol particles were
efficiently filtered out by the electrostatic precipitators at the
power plant.
[38] Subsequent scanning transmission X‐ray microscopy

(STXM) combined with near‐edge X‐ray absorption fine
structure spectroscopy (NEXAFS) analysis of these samples
was performed at the Advanced Light Source, Lawrence
Berkeley National Laboratory, at beamline 11.0.2. This
technique provides detailed information on the carbon
[Hopkins et al., 2007a, 2007b; Maria et al., 2004;
Michelsen et al., 2007; Takahama et al., 2008; Tivanski et
al., 2007; Moffet et al., 2009], sulfur [Hopkins et al.,
2008], and metal bonding within aerosols [Moffet et al.,
2008; Takahama et al., 2008]. For this study, the carbon K
edge (280–320 eV), oxygen K edge (525–550 eV), nitrogen
K edge (385–430 eV) and sulfur L edge (167–176 eV) were
examined. NEXAFS spectra of particles at the three loca-
tions (P0, P1, and P2) were recorded at the carbon and
sulfur (168–176 eV) L edges.
[39] Figure 14 displays (left) the characteristic NEXAFS

carbon K‐edge and (right) the corresponding sulfur L‐edge
spectra. The carbon and sulfur spectra were pre‐edge back-
ground subtracted and normalized to the 320 and 172.1 eV
intensities, respectively. In contrast to most atmospheric
particulate samples examined in other field campaigns, the
aerosol spectra obtained for all the samples in this study
were extremely homogeneous both within individual parti-
cles and from particle to particle. The spectra were therefore
averaged over ∼50 individual particles in each sample. All
carbon K‐edge spectra displayed a well‐defined peak at
285.15 eV which was unambiguously assigned to a carbon
1S→ 1p* aromatic C = C transition [Hopkins et al., 2007b].
Organic aerosols containing sp2 hybridization (C = C double
bonds) have been observed during several other field studies
around the world [Takahama et al., 2007]. While the origin
of these C = C double bonds is not clear, one possible way
they could form within organic aerosols is via aldol reaction
followed by a dehydration step to form “humic‐like” poly-
conjugated oligomeric compounds (i.e., containing alter-
nating single and double bonds) [e.g., Nozière et al., 2007,
2009].
[40] All sulfur L‐edge spectra displayed three distinct

peaks, which can be assigned as follows: a peak at 170.9 eV,
S 2p3/2 → 1p*; a peak at 172.1 eV, S 2p1/2→1p*; and a
peak at 172.9 eV, S 2p3/2 → 2p [Hopkins et al., 2008].
These spectral contours and the peak positions are indicative
of the sulfate bonding [Hopkins et al., 2008]. Although this

Figure 13. Typical SEM image of aerosol particles col-
lected within the plume (location P1 in Figure 2).
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previous study indicated that the sulfur L‐edge NEXAFS
spectra do not distinguish between different types of sul-
fates, STXM images at both carbon and sulfur absorption
edges indicate a homogeneous distribution within particles
containing sulfur and carbon. It has been previously
observed that nitrogen K‐edge spectra of inorganic sulfur
(i.e., ammonium sulfate) were very sensitive to X‐ray
exposure, which resulted in distinct changes in the chemical
bonding (growth of a peak at 401 eV). Such sensitivity and
spectral changes at the nitrogen K edge were not observed in
the present samples (spectra are not shown). We therefore
tentatively assign some of the observed sulfate bonding to
that of an organosulfate. Again, the formation of organo-
sulfates from biogenic VOCs in the presence of acidic sulfate
particles is consistent with the results from a number of
laboratory studies [Liggio and Li, 2006; Liggio et al., 2007;
Surratt et al., 2008].
[41] The C = C peak at 285.15 eV of the carbon K‐edge

NEXAFS spectra displayed a decrease in percent of sp2

hybridized C = C bonds in the particles as a function of
processing time in the plume. The processing time for the
background particles is assumed to be zero. The extent of
the sp2 hybridization can be estimated relative to the highly
oriented pyrolytic graphite (HOPG), for which 100% sp2

hybridization is assumed [Hopkins et al., 2007a, 2007b;
Michelsen et al., 2007]. To quantify the observed decrease
for these samples, the peak area of the aromatic C = C peak
at 285.15 eV was normalized to the area of the spectrum
over the energy range 280–320 eV for each sample. This
ratio was then compared with the ratio obtained for the
HOPG. The calculated percent of sp2 hybridization values
for the locations P0, P1, and P2 are about 8%, 4%, and
1.6%, respectively. The decrease in the percent of sp2

hybridization from 8% at P0 to <2% at P2 indicates the
consumption of C = C bonds in the particles sampled along
the plume trajectory (Figure 15). One possible explanation is
a heterogeneous reaction between elevated levels of the NO3

radicals present in the power plant plume with the C = C
bonds. Such reactions could also form small amounts of

organic nitrates [e.g., Moise et al., 2002; Hung et al., 2005;
Docherty and Ziemann, 2006; Gross and Bertram, 2009].
We now turn to a model analysis of the aircraft and tetroon
observations to gain further insight into the chemical pro-
cessing of O3, NOx, and VOCs and the efficiency of the
N2O5 heterogeneous hydrolysis reaction in the power plant
plume.

4. Constrained Plume Modeling (CPM) Analysis
of N2O5 Hydrolysis

[42] As mentioned earlier, the overall rate and efficiency
with which NOx is converted to HNO3 at night is of great
interest, because at dawn the residual NO3 and N2O5 can
photolyze or dissociate back to NOx and subsequently pro-
duce O3 in the presence of VOCs. One of the key reactions
that convert NOx to HNO3 at night is the heterogeneous
hydrolysis of N2O5 on an aerosol surface. The sequence of

Figure 15. Evolution of percent sp2 hybridization (C = C)
as a function of processing time in the power plant plume.
P0 corresponds to the background sample while P1 and
P2 are in‐plume samples at A‐low and B‐low plume seg-
ments, respectively, as indicated in Figure 2.

Figure 14. Representative (left) carbon K‐edge and (right) sulfur L‐edge NEXAFS spectra of particles
sampled at locations P0, P1, and P2 (see Figure 2). Decreasing intensity of the normalized 285.15 eV peak
in the carbon K‐edge spectra from locations P0 to P2 indicates consumption of C = C bonds in particles
sampled along the plume trajectory.
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reactions leading to N2O5 hydrolysis is summarized as fol-
lows [Brown et al., 2003, 2004]:

O3 þ NO ! NO2 þ O2; ð3Þ

O3 þ NO2 ! NO3 þ O2; ð4Þ

NO3 þ NO2 , N2O5; ð5Þ

N2O5 þ H2O�����!het:

� N2O5ð Þ
2HNO3: ð6Þ

The N2O5 uptake coefficient g(N2O5) in equation (6) is a
reaction probability, which is defined as the fraction of gas‐
particle collisions of one molecule of gaseous N2O5 that
results in net hydrolysis to produce two molecules of HNO3.
From the definition of g(N2O5), it follows that the net loss
rate of N2O5 can be expressed as [Jacob, 2000]

d N2O5½ �
dt

¼ �k N2O5½ �; ð7Þ

k ¼ 4�
X
i

NiR
2
p;i

Rp;i

Dg
þ 4

v� N2O5ð Þ
� ��1

; ð8Þ

where k (s−1) is the first‐order mass transfer coefficient that
is a function of gas‐phase diffusivity Dg (cm

2 s−1) of N2O5,
mean molecular speed v (cm s−1) of N2O5 in the gas phase,
N2O5 uptake coefficient g(N2O5), mean particle radius Rp,i

(i = size bin), and number concentration [Ni (cm
−3)] of

particles of mean radius Rp,i.
[43] Laboratory studies of N2O5 hydrolysis on pure water

droplets and aqueous inorganic aerosols have shown values
of g(N2O5) in the range of 0.005 at low RH to 0.09 at high
RH [Mozurkewich and Calvert, 1988; Van Doren et al.,
1990; Msibi et al., 1994; Hu and Abbatt, 1997; Wahner et
al., 1998; Kane et al., 2001; Hallquist et al., 2003;
Thornton and Abbatt, 2005]. Laboratory studies of N2O5

uptake on some organic aerosols have also shown small
values for g(N2O5) ranging from 0.0005 to 0.002 at low RH
and as high as 0.03 at moderate RH (50–70%) [Thornton et
al., 2003; Bertram and Thornton, 2009]. Moreover, reduc-
tions in g(N2O5) by a factor of 3 to more than an order of
magnitude were observed when certain organic coatings
were present on inorganic particles [Folkers et al., 2003;
Thornton and Abbatt, 2005; Badger et al., 2006; McNeill et
al., 2006]. Laboratory studies have also shown a reduction
in g(N2O5) in the presence of nitrate ion (NO3

−) in aqueous
aerosols [Wahner et al., 1998; Mentel et al., 1999; Hallquist
et al., 2003; Bertram and Thornton, 2009].
[44] Based on the constrained steady‐state analysis of

aircraft observations of O3, NO3, and N2O5 in urban and
power plant plumes in the northeastern United States,
Brown et al. [2006b] estimated negligibly small values for
g(N2O5) (<0.001) in the presence of near‐neutral aerosol
particles (i.e., [NH4]/[SO4] molar ratios ∼2) with organic/
sulfate mass ratios between 0.5 and 1. On the other hand, a
relatively high value of g(N2O5) = 0.017 was estimated in
the presence of acidic aerosol particles ([NH4]/[SO4] molar

ratios ∼1) that had organic/sulfate mass ratios of ∼0.2. These
laboratory and field measurements show a wide range of
values for g(N2O5) that appear to be strongly dependent on
aerosol composition, relative humidity, and particle phase
state. It generally appears that highly hydrated, acidic
aerosols lead to large values for g(N2O5) while high organic/
sulfate ratios and nitrate ion–containing aerosols lead to low
values for g(N2O5).
[45] As discussed in the section 3.5.2, the aerosol particles

in the four plume segments were largely acidic ([NH4]/
[SO4] < 2) with organic/sulfate mass ratios of 2–3. These
particles were likely deliquesced at the ambient RH of ∼60–
70%, and the small but non‐negligible amounts of particulate
nitrate observed were likely in the form of organic nitrate.
Based on the literature summarized above, g(N2O5) for such
particles and conditions could range from negligibly small
(<0.001) up to 0.03. Here we employ a CPM analysis
approach to interpret the tetroon and aircraft observations in
the power plant plume to estimate the value of g(N2O5) that
is pertinent to the conditions observed in this study.
[46] In the CPM approach, a Lagrangian gas‐aerosol box

model is initialized using the available ground and/or air-
craft observations at or near the plume emission source. The
box model is then integrated forward in time, taking into
account the changes in species concentrations inside the box
due to emissions, gas‐phase reactions, gas‐particle interac-
tions, dry deposition, and dilution along an observed or
predicted trajectory. The predicted species concentrations
are then evaluated against observations in the plume at
increasing downwind distances with estimated processing
times since initialization [e.g., Zaveri et al., 2003; Real et
al., 2008].
[47] In this study, we use the comprehensive gas‐aerosol

model MOSAIC (Model for Simulating Aerosol Interactions
and Chemistry) [Zaveri et al., 2008] in a Lagrangian box‐
model framework. We initialize and constrain the model
with several key observations to estimate a value for
g(N2O5) such that the predicted evolution of O3 and NOx

mixing ratios in the power plant plume are consistent with
their observed counterparts.

4.1. Model Description and Inputs

[48] MOSAIC employs comprehensive treatments for
aerosol chemistry, thermodynamics (phase state and water
content), dynamic gas‐particle partitioning, and other
microphysical processes [Zaveri et al., 2005a, 2005b, 2008].
MOSAIC employs the gas‐phase photochemical mechanism
Carbon Bond Mechanism (CBM‐Z) [Zaveri and Peters,
1999], which contains all the standard trace gas reactions
typically represented in air quality models. The model in-
cludes the heterogeneous hydrolysis of N2O5 on an aerosol
surface and allows the user to set the value for g(N2O5). The
Lagrangian box‐model version of MOSAIC also includes
chemical reactions and dry deposition and allows for dilution
and vertical entrainment in a developing boundary layer as
described elsewhere [Zaveri et al., 2003].
[49] In the present application, vertical entrainment and

dry deposition were ignored since the plume segments are
assumed to start within the nocturnal residual layer that is
effectively decoupled from the stable marine layer (based on
the potential temperature profiles shown in Figure 3). The
Lagrangian box model is initialized at the Salem Harbor
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power plant for each G‐1 aircraft measurement point (1 s
average; total 753 points) in the four plume segments as
follows:

aerosol size dist½ �plume
0 ¼ aerosol size dist½ �plume

G-1 ; ð9Þ

NO½ �plume
0 ¼ NOy

� �plume

G-1 � NOz½ �bkgG-1; ð10Þ

NO2½ �plume
0 ¼ NO2½ �bkgG-1; ð11Þ

HNO3½ �plume
0 ¼ 0:3 NOz½ �bkgG-1; ð12Þ

PAN½ �plume
0 ¼ 0:7 NOz½ �bkgG-1; ð13Þ

O3½ �plume
0 ¼ O3½ �plume

G-1 þ NO2½ �plume
G-1 � NO2½ �bkgG-1

� �

þ 1:5 NOz½ �plume
G-1 � NOz½ �bkgG-1

� �
; ð14Þ

BVOC½ �plume
0 ¼ BVOC½ �bkgG-1; ð15Þ

PVOC½ �plume
0 ¼ PVOC½ �bkgG-1 þ fVOC NO½ �plume

0 ; ð16Þ

where the subscript 0 refers to the initial concentration at the
power plant and subscript G‐1 refers to G‐1 aircraft‐based
observation either at a point within a given plume segment
(denoted by superscript “plume”) or in the nearby back-
ground air (denoted by superscript “bkg”). The aerosol size
distributions were based on the 15‐channel PCASP data
(100–3000 nm). BVOC and PVOC stand for biogenic VOC
and power plant VOC, respectively. The coefficient fPVOC
for a given PVOC was determined from the slope of the
VOC versus NOy mixing ratio correlation obtained from
canister data (as shown in Figure 8). A list of CBM‐Z

species, their background mixing ratios, and fPVOC values
are given in Table 1. Initial and background values for NO3

and N2O5 were assumed to be zero.
[50] Since each box‐model simulation (total 753) was ini-

tialized using the G‐1 measurements at locations A and B,
all the dilution that would occur between the point of
emission and the G‐1 measurement locations was implicitly
taken into account right at the start of the simulation. The
underlying assumption is that most of the fumigation and
dilution of the power plant emissions with the background
air in the nocturnal residual layer occurs within a few
minutes after emission, with relatively slow dilution occur-
ring because of the lack of turbulence as the plume is ad-
vected downwind through the course of the night. Emissions
along the trajectory were ignored because of the over‐ocean
trajectory of the plume segments. After the box model was
initialized for each point in a given segment, it was inte-
grated forward for the estimated processing time (Dt) for
that segment. The predicted O3 and NO2 mixing ratios were
then evaluated against the observed values at their respective
locations. In other words, the box model was initialized at
the power plant (i.e., the point of emission) for each 1 s
point in the A‐high segment using the G‐1 observations (as
described earlier), integrated forward in time, and then
evaluated using the O3 and NO2 observations in the A‐high
segment at its downwind location. Similarly, the box model
was initialized at the power plant for each 1 s point in the A‐
low segment using the G‐1 observations (as described ear-
lier), integrated forward in time, and then evaluated using
the O3 and NO2 observations in the A‐low segment at its
downwind location. The same procedure was carried out for
the B‐high and B‐low segments. It is worth noting that the
box model was not initialized at A, integrated forward in
time, and evaluated at B.

4.2. Model Evaluation and Discussion

4.2.1. Evaluation Along the Tetroon Trajectory
[51] We first examine the time evolution of key species in

the air parcel advected along the tetroon trajectory. The
tetroon‐borne ozone measurements indicate that the O3

mixing ratio at ∼670 m asl above the tetroon launch site
was ∼48 ppbv. Based on the total odd oxygen (Ox) anal-
ysis presented in section 3.3, the mean Ox mixing ratio at
the tetroon altitude was ∼58 ppbv, which is same as the O3

mixing ratio just upwind of the Salem Harbor power plant
(i.e., equation (14)). The difference between this initial
value and the observed value of ∼48 ppbv on board the
tetroon must be due to titration by an initial NO mixing ratio
of ∼10 ppbv. The Lagrangian box model was thus initialized
at the Salem Harbor power plant location with [O3]0

plume =
58 ppbv, [NO]0

plume = 10 ppbv, [SO2]0
plume = 20 ppbv,

[NO2]0
plume = 0.4 pbbv, [PAN]0

plume = 1.1 ppbv, and
[HNO3]0

plume = 0.4 ppbv. The initial isoprene and plume
VOCs mixing ratios were estimated using the correlations
given in Table 1. The initial aerosol size distribution was
based on a representative aircraft observation corresponding
to an SO2 mixing ratio of 20 ppbv. A series of box‐
model simulations were performed with g(N2O5) values
of 0.001, 0.01, and 0.1. Since the aerosol surface area used in
these calculations only included particles between 100 and
3000 nm, the corresponding g(N2O5) values represent an

Table 1. List of CBM‐Z Model Species, Their Background Mixing
Ratios, and Estimated Emission Factors ( fVOC)

No.
Species Name

or Class
CBM‐Z
Species

Background
Mixing

Ratio (ppbv) fPVOC

1 Nitrogen dioxide NO2 0.4
2 Nitric acida HNO3 0.5–0.75
3 Peroxy acyl nitratea,b PAN 1–1.75
4 Methane CH4 1800
5 Ethane C2H6 1 0.03
6 Paraffin carbon (alkanes) PAR 3.3 0.3
7 Ethylene ETH 0.5 0.018
8 Terminal olefins OLET 0.13 0.006
9 Toluene TOL 0.15 0.01
10 Xylene XYL 0.004 0.004
11 Isoprene ISOP 0.3

aBackground NOz was 1.5–2.5 ppbv of which ∼70% was assumed as
PAN and the remaining as HNO3 based on the aircraft measurements in
aged background air over central Massachusetts during summer
[Berkowitz et al., 1998].

bWhen initializing PAN in the model, the acyl peroxy radicals are also set
such that they are in equilibrium with the specified PAN and observed NO2

at a given temperature.
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upper limit. The true values would be lower since they would
scale to the total aerosol surface area.
[52] Figure 16 shows the predicted time evolution of

various key trace gases along the tetroon trajectory for the
three different values of g(N2O5). Figure 16 also shows
comparisons of observed and predicted O3, with the tetroon‐
based O3 observations limited to the first 3 h of evolution
due to the problem with the subsequent data, as explained
in section 3.1. However, the plot includes O3 observed
on board the G‐1 aircraft at two instances (2240 EST and
0200 EST), when both the G‐1 and the tetroon were at
similar altitudes and roughly 3–7 km apart. It can be seen
that the predicted and observed O3 mixing ratios are in

excellent agreement. The sharp decrease in O3 and the
corresponding sharp increase in NO2 in the beginning are
due to the fast titration of O3 with NO to give NO2. The
gradual decay in O3 thereafter is largely due to the relatively
slower O3 + NO2 reaction. It should be noted that O3 decay
is insensitive to the g(N2O5) value. However, the gradual
decay in NO2 depends not only on the O3 + NO2 reaction
but also on its subsequent rapid and reversible reaction
with NO3 to form N2O5. For this reason, the loss rate of
NO2 and the formation rates of NO3, N2O5, and HNO3 are
seen to be sensitive to the value of g(N2O5). Higher g(N2O5)
values would result in lower NO2, NO3, and N2O5 mixing
ratios and higher HNO3 mixing ratios. In all cases, mod-

Figure 16. Predicted (lines) evolution of trace gases O3, NO2, HNO3, NO3, N2O5, PAN, ISOP (isoprene),
and OLET (terminal olefins) along the tetroon trajectory for g(N2O5) values of (top) 0.001, (middle) 0.01,
and (bottom) 0.1. O3 observed on board the tetroon (solid green circles) and the G‐1 aircraft (solid black
circles) are also shown along with the predicted O3. The G‐1 aircraft O3 mixing ratios (1 min averages with
standard deviations) are at two instances (2240 and 0200 EST) when both the G‐1 and tetroon were at sim-
ilar altitudes and close to each other (3–7 km apart horizontally).
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eling results showed that isoprene was depleted within 2 h
because of its high reactivity with NO3. In contrast, the loss
rate of less reactive olefins slowed down with increases in
g(N2O5) because of the consequent reduction in the NO3

radical concentrations, illustrating the coupling between N2O5

heterogeneous chemistry and homogeneous NO3 chemistry.
4.2.2. Evaluation at the Four Plume Segments
[53] We now take advantage of the sensitivity of various

trace gases, especially NO2, to g(N2O5) in the CLM analysis
of the four plume segments to estimate a value for g(N2O5)
that is consistent with the observations presented in section 3.
To examine the effect of the heterogeneous hydrolysis reac-
tion on the evolution of O3 and NO2 mixing ratios, a series
of simulations was carried out with g(N2O5) values of
0.001, 0.01, and 0.1. The predicted and observed O3 mixing
ratios were found to be in excellent agreement for each of
the four plume segments for all three values of g(N2O5),
indicating that the heterogeneous hydrolysis reaction had a
negligible effect on the evolution of O3 at night. While this
result is expected, the agreement supports the hypothesis
that no additional reactions of O3, other than those already
present in the model, are necessary to explain the nighttime
evolution of O3 under the stated conditions.

[54] However, not only were the predicted NO2 mixing
ratios for all four plume segments lower than the observed
values, but the extent of underprediction systematically
grew with increasing processing time (see Figure 17). Fur-
thermore, for a given processing time, the underprediction
worsened with increasing g(N2O5) values. The latter was
due to greater amounts of NOx converted to HNO3 at higher
values of g(N2O5), which suggests that g(N2O5) was most
likely ∼0.001 or less so as to produce the least error in the
predicted NO2 mixing ratios. The systematic under-
prediction of NO2 with increasing processing time appears
to be because of overestimation of NO2 due to partial
decomposition of N2O5 and NO3 inside the chemilumines-
cence instrument. As N2O5 and NO3 mixing ratios grew
with processing time, so did the overestimation of NO2. The
details of this NO2 measurement artifact are given in
Appendix A.
[55] Because NO3 and N2O5 were not explicitly mea-

sured, it was not possible to fully correct the observed (i.e.,
reported) NO2 mixing ratios for the measurement artifact.
Instead, we applied the measurement artifact to the predicted
NO2 by subjecting the predicted NO, NO2, N2O5, NO3,
PAN, and O3 mixing ratios at each plume segment to a

Figure 17. Predicted versus observed NO2 mixing ratios for g(N2O5) values of 0.001, 0.01, and 0.1.
Note that the predicted NO2 mixing ratios are always lower than the observed values, and the underpre-
diction progressively worsens with increasing processing time and with increasing g(N2O5) values.
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“model chemiluminescence photolysis cell” and divided the
resulting NO mixing ratios by the calibrated conversion
efficiency (0.35) to obtain the “predicted + artifact” NO2

mixing ratios. These NO2 mixing ratios could then be
compared to the observed (reported) values in a consistent
manner. As shown in Figure 18, the “predicted + artifact”
NO2 mixing ratios with a negligibly small g(N2O5) value of
0.001 were in excellent agreement with the observed NO2

for all four plume segments. The magnitude of the NO2

artifact depends on the mixing ratios of NO, NO2, N2O5,
NO3, and PAN going into the cell and the temperature of the
cell. For g(N2O5) = 0.001, the estimated NO2 artifact ranged
between 0.1 and 2.8 ppbv. These values respectively cor-
respond to 12–74% of the NO2 mixing ratios going into the
cell. On the other hand, as shown in the plots in Figure 19
(top), the “predicted + artifact” NO2 mixing ratios with

Figure 18. “Predicted + artifact” NO2 versus observed NO2 mixing ratios for g(N2O5) = 0.001. Esti-
mated temperatures in the chemiluminescence photolysis cell were 314 K for the A‐high plume segment
and 322 K for the remaining three plume segments (see Appendix A for details). Note that after the
measurement artifact is aplied to the predicted NO2 mixing ratios, they are in excellent agreement with the
observed values which also contain the measurement artifact.

Figure 19. “Predicted + artifact” NO2 versus observed NO2 mixing ratios for g(N2O5) = 0.01. (top) The
cell temperatures used are the same as the ones shown in Figure 18. Note that the systematic under-
prediction still persists after applying the measurement artifact. (bottom) The cell temperatures are
assumed to be 20 K higher (i.e., unreasonably high) than those used in the top row. Predicted + artifact
NO2 is higher than that observed in the A‐high plume segment while still slightly lower than that
observed in the B‐low and B‐high plume segments.
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g(N2O5) = 0.01 were still systematically lower than the
observed NO2 values at the four plume segments. Moreover,
these discrepancies could not be rectified even when
unreasonably high temperatures (i.e., 20 K higher than the
estimated values) are assumed in the chemiluminescence
cell, as shown in the plots in Figure 19 (bottom).
[56] Based on the above constrained plume modeling

analysis, we conclude that the true value of g(N2O5) was
negligibly small (<0.001) in the Salem Harbor power plant
plume under the conditions of this study. This result is
consistent with that of Brown et al. [2007], who also esti-
mated a negligibly small value for g(N2O5) in the Salem
Harbor power plant plume during the summertime NEAQS
2004 campaign (i.e., 2 years after this field campaign). A
negligibly small g(N2O5) value implies that essentially all of
the NOx emitted at night, except for the <0.2 ppbv that was
converted to organic nitrates in the present case, would
become available for photochemical O3 formation the fol-
lowing day.

5. Summary, Conclusions, and Future Work

[57] A set of unique observations describing the evolution
of aerosol and trace gas chemistry in a nocturnal power plant
plume were made during the NAOPEX, which was carried
out as part of the summer 2002 NEAQS field campaign in the
New England area. A constant‐volume, superpressure te-
troon, equipped with GPS, radiosonde, and ozonesonde, was
successfully used as a Lagrangian tracer to “tag” the Salem
Harbor power plant plume soon after sunset on 30 July 2002.
Guided by the location of the tetroon in real time, two back‐
to‐back flights were made with the instrumented DOE G‐1
aircraft to sample in the plume at increasing downwind
distances. Four relatively concentrated plume segments at
two distinct altitudes were identified based on the observed
SO2 versus NOy correlations. The processing time (since
emission) for each plume segment was estimated from the
relative spatial proximity between the tetroon and the plume
segment and the observed vertical wind velocity profiles near
the tetroon.
[58] Analysis of the O3, NOx, and NOz measurements in

the four plume segments revealed that the total odd oxygen
budget was conserved in the plume relative to the nearby
background values. The biogenic isoprene mixing ratio in
the background air was about 0.3 ppbv while it was com-
pletely depleted in the plume. Concentrations of particulate
organics, sulfate, and nitrate aerosol were about 1, 1.5, and
0.2 mg m−3 higher at the plume peak, respectively, relative
to their respective background values of about 4, 1.5, and
0.2 mg m−3. X‐ray microanalysis of individual particles
sampled within the plume and in background air indicated
that these species were internally mixed. At the same time,
no evidence was found for any fly ash–type materials within
the plume. The in‐plume particles were found to be highly
acidic, as inferred from the bulk NH4/SO4 molar ratios of
less than 2. The predicted equilibrium HNO3 mixing ratios
over these particles were unreasonably large, which sug-
gested that the observed particulate nitrate was likely in the
form of organic nitrate as opposed to inorganic nitrate ion
form. The enhanced particulate organic and nitrate masses
observed in the plume were therefore inferred as secondary
organic aerosol, possibly formed from the NO3 radical‐ini-

tiated oxidation of isoprene, other biogenic VOCs, and their
photo‐oxidation products that would have been left over in
the nocturnal residual layer from the preceding afternoon.
The resulting SOA would be composed of organic nitrates
[Barnes et al., 1990; Shepson et al., 1996; Starn et al., 1998;
Ng et al., 2008].
[59] The enhanced particulate sulfate concentrations

observed in the plume were likely due to direct emissions of
SO3/H2SO4 from the power plant. A fourfold enhancement
in the nucleation‐mode (5–20 nm) particle number con-
centration detected in the nocturnal plume indicated that
some of the emitted H2SO4 vapors had nucleated to form
new particles while the rest had condensed upon preexisting
particles. NEXAFS and STXM analyses of particle samples
suggested that some sulfate may have been present as or-
ganosulfates. While the exact formation mechanisms are still
being investigated, laboratory evidence exists for the for-
mation of organosulfates [Liggio and Li, 2006; Liggio et al.,
2007; Paulot et al., 2009] and nitroxy organosulfates
[Surratt et al., 2008] from the reaction of acidic sulfate
particles with isoprene, other biogenic VOCs (mono-
terpenes), as well as their photo‐oxidation products such as
pinonaldehyde and dihydroxyepoxides, under conditions
similar to those found in the nocturnal power plant plume
investigated in this study.
[60] NEXAFS analysis of the particle samples also re-

vealed the presence of sp2 hybridized C = C bonds. The
calculated percent of sp2 hybridization was found to decrease
from about 8% in the background air samples to <2% after
6.2 h of processing in the plume. One possible explanation
for the observed loss of C = C bonds with processing time is
the heterogeneous reaction with elevated levels of NO3 ra-
dicals present in the power plant plume. Such reactions could
also form small amounts of organic nitrates in the particulate
phase.
[61] A CPM analysis of the aircraft and tetroon observations

was performed using the comprehensive trace gas‐aerosol
chemistry box model MOSAIC. The model successfully
reproduced the observed gradual decay of O3 in the plume,
which was attributed to the O3 + NO2 reaction. The model
was also able to successfully reproduce the observed NO2

mixing ratios after taking into account a measurement
artifact due to partial decomposition of NO2 reservoirs
(N2O5 and NO3) in the chemiluminescence instrument. The
predicted NO2 mixing ratios were found to be sensitive to
the N2O5 heterogeneous hydrolysis uptake coefficient
g((N2O5). A series of model sensitivity tests then suggested
that g(N2O5) was likely negligibly small (<0.001) for the
aerosol observed in the plume at ambient relative humidities
between 60% and 70%. As a result, essentially all of the
NOx emitted at night, except for the <0.2 ppbv that was
converted to organic nitrate aerosol in the present case, would
become available for photochemical O3 formation the fol-
lowing day.
[62] These results have significant implications for several

scientific and regulatory issues related to the impacts of
power plant emissions (and their interactions with biogenic
emissions) on air quality and climate. A combination of
additional laboratory, field, and modeling studies are needed
to (1) investigate the efficacy of NO3 radical‐initiated bio-
genic SOA formation in nocturnal power plant plumes and
the impact of such particles on regional air quality and
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radiative forcing; (2) investigate the effect of nighttime SOA
formation on the heterogeneous hydrolysis of N2O5, and
thereby its feedback on photochemical O3 formation; and
(3) understand the origin of the somewhat ubiquitous sp2

hybridized C = C double bonds observed in organic aerosols
and their role in nighttime heterogeneous chemistry.

Appendix A: NO2 Measurement Artifact
A1. Description of the Chemiluminescence Cell

[63] In the NO2 measurement system, NO2 is first con-
verted to NO by photolytic reduction followed by detection
as NO based on the chemiluminescence resulting from the
reaction with added O3 [Springston et al., 2005]. The UV
source in the photolysis cell was a high‐pressure xenon arc
lamp through a cold mirror, which reflected light with wa-
velengths from 350 to 550 nm. The gas residence time
inside the NO2 photolysis cell was 3.5 ± 0.1 s and the NO2‐
to‐NO conversion efficiency was 34.8%, which was cali-
brated in the absence of significant amounts of N2O5 and
NO3. However, N2O5 and NO3 species were likely present
at appreciable levels in the nocturnal power plant plume
segments. The thermal decomposition of N2O5 to NO2 +
NO3, photolysis of NO3 to NO, and other related reactions
that would occur inside the photolysis cell would increase
the NO mixing ratio exiting the cell, thus artificially
increasing the reported NO2.

A2. Estimation of the Photolysis Rates
and Temperatures Inside the Cell

[64] Based on the cell residence time of 3.5 s and NO2‐to‐
NO conversion efficiency of 35%, the photolysis rate con-
stant for NO2 was estimated to be 0.125 s−1. Then based on
the spectrum of the UV light in the cell, the photolysis rate
constant for NO3 for the NO2 + O(3P) channel was esti-
mated as 2.5 s−1 using the National Center for Atmospheric
Resarch (NCAR) Tropospheric Ultraviolet and Visible
model [Madronich and Flocke, 1999].
[65] Unfortunately, the temperature inside the photolysis

cell was not measured. However, the observed cabin tem-
perature near the cell was ∼309 K during the A‐high seg-
ment and ∼312 K during the A‐low, B‐low, and B‐high
segments. These temperatures serve as a lower limit for the
temperatures inside the cell for the respective plume seg-
ments. Also, the ambient air temperature and pressure for
the high‐altitude plume segments were 293 K and 913 mbar,
respectively. The corresponding values for the low‐altitude
segments were 298 K and 973 mbar. The airstream entering
the photolysis cell experienced a drop in pressure down to
400 mbar. The actual cell temperature at any given time
would then depend on the temperature of the ambient air
coming into the cell, cooling due to adiabatic expansion in
the cell, heating caused by the photolysis lamp, and cooling
due to heat loss through the cell wall via conduction and
convection. While it is difficult to calculate the exact cell
temperature, we estimate the upper limit to be about 342 K,
which only takes into account heating due to the lamp and
cooling due to the adiabatic expansion, whereas cooling due
to heat loss via conduction and convection was completely
ignored. The heat loss term, which would also depend on the
cabin temperature, is expected to be quite significant due to
active cooling by a fan on the cell enclosure that pulled hot

air out and allowed cool air to come in at the two grates on
either end of the cell. As a result, the actual cell temperatures
are expected to be only a few degrees (∼5 K) warmer than
the cabin temperature at any given instance. Taking into
account both ambient and cabin temperatures mentioned
above, we expect the cell temperatures for the last three
plume segments to be up to 8 K warmer than for the first
plume segment. Thus, the estimated cell temperatures are
314 K for the first plume segment (A‐high) and 322 K for
the remaining ones (A‐low, B‐low, and B‐high).
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